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Selective opening of the blood-tumor barrier by 
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InmkCflrcrtid inftiaaons of leukotriene C* (LTC^) were used to idecti%idy optn the WcmxI-tuwioc bamcr in 
rau i;vich RG-2 gliomas. Btodd-brdui blood-tumor pcnncabilit>' Vi-as dctcnnined bry quantitative autora- 
diogiBphy using aniinoiso butyric add. Leukoiriene €4(4^ toial ln£use(^ into the caiotid aitci^ 
ipsilaterad to the tumor increnscd rwofold the unidlrecuonal transfer coAStuu for permeability vviihin the 
tUitlOr whik no tflect On pcrmftubDity was Seen in norraal brain. No gamma. plutHmyl tnmspfifptj<ta59 (>-CTP) 
activity was $een in tumor capiiliuies in conirasi 10 bigh ^^TP in aormal brain capillaiies. These finding? 
surest thai normal brain capillaries nuy resist the vasogsaic eJ«cts of LTQ, while LTC« will increase 
permeabUit> in tumor c^laries. This could ndate to ttie ability of 7-OTP to act 2$ an enzymatic barrier ind 
inacdvaie leukatriencs ia normal brain capiUories. Idtncarotid LTC infusion may be a usetiil tool to seiectivdy 
open the biood-tumor barrier for delivery of antineoplaslic compounds. 

Key W'OACd • brain neoplasm - b}ood-braIn barrier - glioma - leukotiiAiife • 
^unma glpt^myt trqnsi^ptidMe * rat 



CAPILLAR]^ v^itbio primiirj' brain tumors coniain 
a blood-tumor baoier which impairs delivery 
of many antityjczior moieties u> tumor cdls 
within the bi^fl^'^ '* Thig inability to. deliver aniineo- 
pla£tLC ooiDpouiid& across the blood-tumor barrier has 
lead some wofket$ to irtcrease their focus on stratepes 
to open this barrier.'^'- '* '*^ One approach has utilized 
inira^arotid infusions of mannLtol to osmotically dis- 
rupt the tight junctions of brain endothelial ceils in 
paticnis with brain tumors. Neu^well, et al.;-^ 
have shown that osmotic barrier dlsrupiioti c$d noa- 
speciflcally increase Uie delivery of chemotherapeutic 
compounds and monoclonal antibodies to the brain. 
OsmoTic disruption of the blood-brain barrier (BBB). 
however, results in only a modest increase in drug lev-els 
within the actual tumor compared to tl;e large Increase 
in drug levels in normal brain.*- In effect, therefore, 
this technique increases the exposure of the normal 
braia parenchyma to the deleterious efTects of the che- 
motherapeutic agents,^ while suboptirnaJ drug levels 
may actually reach the tumor celU. b) this paper, we 
describe an experimental method that circvm vents this 
problem. This technique selectively opens the barrier 
within the tumor but leave$ the BBB intact. 
In previous studies^ we demonstrated a significant 



correlatioa between tissue levels of letikotrieae C T 

{LTCa) measured in bralti tumors and the amount of \ 

vasogenic edema surroundiiig these tumor* in m^ti^ . 

This, combined with Our observation that brain capil- : 

laries have high affinity binding sites for LTC4.^ led us ; 

to speculate that LTC* might modulate capQlary per- = 

. meabiHiy in brain tumors.* Here we report on the al^iy -4 

of Intracarotid Lnftxsions of LTC w selectively open ;} 

the tumor barrier in an experimental glial tumor, and \ 

we discuss both the biological and clinical implications 1 

of this obscrvatioo. t 

Ntsteri^I? and Methods I 

Leukotriene C«* was obtained at a concentration of il 

0.1 mg/ml in a 1:1 phosphate-buffered saline (PBS)- jK 

cihanol solution. Aliquots of' LTC« were dUuted to 81 

experimental concentrations in PBS and the final eth- |1| 

anol concentraiioh was adjusted to 2.5%. Vials contain- ||| 

ing LTC4 wett: sealed under rtitrogen and stored J 

-80"C. Radiolabeled LTC (14, 1 5-^H(N)-LTC.) (38.4 1| 

Ci/ramol) and alpha-(l-'T)-aminoi5obutyric acid .|| 



*LTC obuined from Cayman Chemicals* Ann Arbor* 
Michisan. 
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pjooa-tumor barrier opening by LTC infusion 

(AlB) mO/miDOl) were used for qoanoutiv-e 
•scudy-t 

..iracarotid fnfitsion Experlmerus 
'The RG-2 glioma cell line vvas maintained in a 
-nnolayer culture in DulUecco's minimum esamm 

•■^iS 100 to 150 an. were (anesthetized with iat«- 
Saminc (50 mg/kg) and xylaine (0.8 mfe/ 
tumors >ire implanted into the left henu- 
,?Scre by (rttKicerebral in ections of 5 x 10 RG-2 
■ Sma cdls in 10 ^ of senun-ftw FlO medium. Thir- 
. SaS^^ xumof implantation, the wer« a«am 

• ShS and a pglyethylens (PE-lO) catheter w.s 

• S «^o«nide Sough The external caroud a^ry 
S d« ^mmr^xjtid artetv bifurcation it«J^?«^J» 

'. Se tumor. The external carotid artery was ^en lijated. 
■• Sth femoral anerie* and one femoral von ^re also 

fiS'SipemtUTe was maintained at iTC ^d arte- 
rial blood BBS levels, blood pressuK. a»<l J^eraatocni 
•Se monitored, .^imals wiih abnormal phv«olo»«l 
•'S^m"«Twexe eUminated from .his ffy U"J<^ 
Hene G (0.8 ml) at a conceniation of 5 jtt/m or 
S^f Side (2.5% cthanol in PBS. pH 7.1 was ^ 
So the left carotid artery bj' means of a couBiant 

• SSsioD pump at a rate of 53.3 ^V«in for 15 mmut«. 
. nvTminutesafterthe stanof thebtnicaroud|^^^ 
f : io ;.Ci/lcg of "C-MB ..*s injected as an m^veaous 

bolus. A periaaldc withdrawal pump was used to ^oj- 
dnw femoral arterial blood at a <»''santra« of 0^08. 
SSmin immediately after 'Pi^'^'^^^-t^^l^ 
termination of serum radioei:nvrt>'. Fifteen «unm« 
after the start of iPtracarovid mfujaons. the ^^^^ 
were killed by decapitation aod the brains were rapidly 
removed and frozen. 

Autoradiography 

, The frozen bnOns were mounted onto P«dfaJ»?«J 
M.l embedding matrix, and 20 ^m coronal secuons 
M-cre cm with a cryotome. The ^^^^^^^ 
mounted onto cover slips, and "wradMpams wwe 
generated by coexposing the sections on Kodak JVOi- 
ffiKthLuJalibrated '*C st«dai** for 2v^^^ 
After exoosurt. the Sections were stamed with thiorone 
foJVoSSS'ofarS^.f hi5toloiically verified tumor 
autonidiognims. Quantitetiye analy^ ^..'^TtJe 
using a computer-assisied digital image analyzer at the 
' Uatoratory of Neuio-lmaging, University of Cahfornia 

S?h7Sl opMedicine. Lo« Angeles." A umduecuonal 
i blood-to-brain traosfte constant. K.. was ca cul^«i«- 
, ing the method described b>- Blasberg, et al.,' and was 
expressed in ul/gm/min. 



In Vitro iTC Binding 

To determine specific binding of 'H-LTC* to rat 
brain tissue and RO-2 tumors in oitro, b^n" 
with and without R(5-2 tumors were removed, frown, 
and cut In 20-<im coronal sectiona using a cryotome. 
SiStJons^ere separat«i in an alternate fashion to 
obtain adjacent sections to subnaa oopspecific from 
fo'S'LSng images. SpeciBc 'H-LTC. hmdinjim^^ 
woe obtained by subtracting ««n»fr>^^^^?'^'*^f: 
ages from total binding images pixel by P*el' "si^e a 
diriial image analyw. The section* were^aced m a 
leSca^^d kep in a frees^er overnight, sections 
i« washed twi<i in ice-cOld Wndii* bu^f ($0 «^ 
Tris-HQ, 10 mM MgQ,, 5 mM L-serme. 10 mM so- 
dlw borate, pH 7.4) for 4 minutes and ^x^^-^^^' 
S^were then immer^ioio binding buffer cont^r^ 

"5 nM 'H-LTC for 60 minutes at 0' to 4 C with or 
wiihoutlO^M LTC.. and we*e again washedmbinAng 
buffer and cooi-air dried. Aatoradiograjun^ 
ated by exposing the sectiow of Hyperfilm for 2 
weeks %vith tissue^calibrated 'H standards.§ 
Gamma Glutamyl Transpeptidase Histochemistry 

Rai brains with gliomas were fixed io 70% ethyl 
alSol and embedded in paraffin. Six-micron sechon5 
wen cut, deporafBnized. acetone-Oxed. and Inculated 
at 37'C for 60 minutes ia a gamma gLutwnyl transpep- 
SlLViTP) taction mixtureof 0.5 f^T-glut^yl; 
4Six7-2-naphthylamide. l5mM B»V<^yT\nH 
fast blue BB in 25 mM pbosphata buffet (pH 
7i)containing0.2S% dimethylsulfoxide. Sedionl «re 
then washed with distilled water, m,scd «ith 09% 
Se for 2 minutes, and placed in 0.1 M OjSO. for 2 
minutes. Counterjtaining of sections with hematoxyhn 
was performed for I minute. 

Data Analysis 

the K< values for the experiments were calculated by 
measuring regions of inttiest i« 
tions. Atulvsis of variance and Students t-tesx ww 
appUcd to the mean values from separate expenments. 

Rcsvlts 

Intmcarotid infusion of LTC. ^^^.j^,^ ^^fjjj 
increase in brain-tumor barrier permeability (KJ w^'J'" 
tumors which were 3 mm in diameter or maUer. when 
compared to vehicle alone (inean r *«ndard «J3t of 

the mean for nine rats in «ac»i^B^;?P- .^^.^ * t j S 
22 33 + 2.35 Ml/gm/mm, P < O.QOJ). There was no 
Sni^c^nt change inBBB penneaHlity of the ip^ajeral 

Sex 2.97 X 1.37 v,. 2.39 ± 1 -O^/i/f^/^S 
lateral cortex (2.&7 ± 1.36 vs. 2^8^ ± 1.27 Ml/gm mm) 

or coatralateral corpu* caJlosum (2,^ ± ''JlJ^twiitv 
± 0.53 A modest increase m permeabihty 



' t Radiolabeled LTC and MS obtaii«d ftom New Enftland 
•■ ^''S?'sS^a'Sd"fr^Ame«h*mCo-p..Ading». 

I Httghta. TUlnois. 



§'H Hyperfilm and standards obtained frotn Anierriiam 
Corp., Arlinfiion Heights. IlUnoiS, 
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Tumor 



BAT 



Ip CTX ConCTX ConCC 

FiQ. h Enect of ifluacarotid iDfuaon of either leuko- 
trittJC C (ojne rats) or vehicle {nine rats) on blood-bfaia and 
bJood-tumor barrier permeability. Values for the Uflidirec- 
tiona] transfer constant, Ki« arc shown as tba mean ± scand- 
ard eiTOT of the meaanu BAT = hran ft<tjacwt to tumor; Ip 
CTX = ipsilateral cortoc; Coft CTX - contralateral cortex; 
Con CC = coAiralataal corpus caUoyum. 



was seen m the basal ganglia immediai^y adjacent to 
the tuxnon (6.63 ± 2.03 vs. 0.88 t 0-42 /il/gtn/min, p 
< 0.01} althoug]! no tumor infiltratipn w$$ in rhis 
area (Fig. 1). In tumors largef than 3 mm, K« v^u«s 
rang^ between 85 flAd 95 /J/gm/min and ^tjre d^Lf- 
icanily not increa*e<i by LTC infusions. 

The *H-LTC* binding experiments revealed some 
specific binding in normal brain (66.13 x 6.19 fmoV 
ipg tissue at 2.5 nM) but Httle speciJio bbding in tumors 
(25.04 ± 3.34 fm03/tne tissue). There was no y-GT? 
activity In tumor capillaries iii conttasr to normal braio 
(Fig. 2). Preliminary re&ults suggestM a sli&ht decrease 
in 7-OTP levels in some areata of norma] tissue sur- 
rounding tumors. The LTC4 inf^isions did not aker the 
physiological parameters. 

Leukonienes w pharmaoologicaUy active com- 
pounds chat proxnotc vascular pcnneability.^' This 
study demonstimes that the blood'tumor baiiier in an 
expenmental glial tumor can be selectively opened by 
intrac^otid iniusion of LTC^ without increasing per- 
medhiiiiy in the nonnal conen or ^te matter. Qini- 
cally. intracarotid LTC4 inftxsionj could therefore be an 
ejitrcmdy uscftil tool to increase delivery of antinimor 
moieties within tumon without increasing the concen. 
trations of potentiaLh' toxic compounds in normal 
brain. The mcchanism(s) for the selecti^'e effect of t-TC 
on capillary permeabDity in tumors compared to nor- 
mal brain remains \mclear. One possibility could reside 
in the ability of nonnai brain capillaries to resist the 
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vasogewc effects of LTC4. Leukotrienc C* will markedly; 
increase permeability in a variety of (noucerebxal) sy&i 
teraic capillary bedfi.'^'"' In prior studies, we havt 
demonstrated that Intraparendiymal injections into 
the brain of high doses of leukotrienes would increa* 
BBB permeability.* However, lower physiological doies 
of LTC« do not dramatically incrca^ permeability in;, 
normal brain tissue (unpublished data). Brain capil- 
laries, unlike systemic c3«>ilLarie$j are rich in t-GTP; 
an enzyme that metabolizes the peptidoleukotrienea 
LTC and LTE* to LTD* and LTF*, respectively.' Hi^ 
levels of Y-GTP are not prtsent in the capillaries of 
experimental tumors. Theoretically, at physiologicaj 
concentrations, LTC4 could be inactivated by y-GTP 
in normai ca^^aries, while tumor capillariei (wtdch 
lade y-OTP) ^ susceptible to the vasogenic effects 
ofLTC4. 

In man, levels of LTQ are significantly increased in^ 
tumors compared to normal tissue and there is a signif-' 
icam correlation between LTC!*, levels and die amount 
of vasogenic edema surrouiftidine these tumors.^ If tu- 
mor c^laries are also more sensitive to the effects of 
LTC4, as the present study suggests, this compound 
could play an important role in the forrnaiion of vaso- 
genic edema surrounding brain tumors. Leukotrienes 
ma y also play a role in vasogenic brain edemA forma- 
tion in other pathological conditions where the resis- 
tance of nonnal btain capillaries to the effects of LTC 
may be impaired, 

Telologically, the ability of normal brain c^illarics 
to resist LTC4'-induced permcabiUty and the inability 
of abnormal capillaries to do so could be particularly 
ftdvMtageous. Leukocytes, rich in the 5-llpoxygenasc 
enzyme and a major source of leukotrienes, couM 
eifeCtivdy open capiUaries in abnormal areas and enter 
the brain parenchyma; where they arc needed while 
normal areas could resist their effects. 

Although bigh-aEBnity binding site* for LTC4 oii 
isolated brain capiUaries have been demonstrated^ it is 
not clear whether these binding sites are functional 
feccpiOTS for LTC or whether the receptor is located in 
a Y-GTP-LTC* receptor complex. In vitro binding ex- 
periments in this smdy showed a relalive paucity of 
higb-afRnity binding sites within tumors. This obset- 
\'ation raises several possibilities, including I) that the 
binding site is a ^-GTP-LTC* receptor complex, which 
the tumon may lack, or 2) that the mectiianism of 
increased permeability by LTC4 may not be receptor- 
mediated. These preliminary binding results do not, 
however, exclude the possibility of a functional LTC* 
receptor on. tutnor oapillaries since optimal binding 
conditions may not have been aKJiied, ; 

The increased pemveabiHii' seen in the basal ganglta 
adjacent to tumOr suggest that capillaries in these areas ' 
may also bo abnormal. This could relate to rumor 
angiogenesis or other secondary effects induced by the 
tumor which may also make capillaries in these areaa, 
more suacepiible to the effects of LTC Of interest is 
the preliminary observation that 'y-GTP levels appear 
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Blood-tumor barrier opening by LTC4 infusion 
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F,C. 2. Hi«^«l «^o"»<>f ^if^L SS^3J 

^..^TPl Little stainlnA is seen in the tuinor compatw to y-vj ir siauim^ *^-nrl, «^*\iA«ir 
!JrSI?d^cSS ia nomol bnin mined with T-OTP «d a tumor capJlary wul.o« 

activity. X 2C». 



tobedec«sasod in some areas of nomal braia suixound- 
\ng \ht$t tumon. . 

To our knowledse, the observatioa thai the normal 
BBB may have an enzymatic bamcf to sdectively rtsist 
increiitd penneabilit>' induced by biologically ^cdvc 
compounds compared to systemic capiHaiics is imique. 
These flndinss add to our undentanding of the biology 
of BBB In both normal and paihdogical conditions. 
The feet thai iniracarotid inlusions of LTC* win selec- 
tiveiy open the tumor barrier but not the BBB aUo has 
major clinical unpUcations. Since intracaroiid infusions 
of LTC do not appear to produce any overt toxiaty, 
this ageni could be used to sdectivdy increase deUveiy 
of a variety of antitumor moieties to tumor cells witbm 
the brain without incaxasing the exposure of normal 
tissue to the ddeteriou* effects of antineoplastic agents. 
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